INTRODUCTION

Impairments of visual perception and eye movements have been repeatedly demonstrated in patients with
Alzheimer's disease (AD). These defects include but are not limited to anomalies in color vision, spatial contrast sensitivity, susceptibility to visual masks, electroretinographic and visual evoked potential abnormalities, saccadic and eye tracking dysfunction, and deficits in stereoacuity (Hutton et al., 1984; Hutton, 1985; Fletcher & Sharpe, 1986; Sadun et al., 1987; Katz et al., 1989; Katz & Rimmer, 1989 al Bodis-Wollner et al., 1993) . The precise basis for these deficits remains elusive, since senile plaques, neurofibrillary tangles and neuropil threads, among other lesions, occur in multipleregions that collectively mediate vision (Kuljis, 1992 (Kuljis, , 1994a (Kuljis, ,b, 1997 . For example, some of the above clinical manifestations have been attributed to retinal ganglion cell loss, postulated on the basis of electroretinographic abnormalities, reduction in the numbers of these cells and axonal loss in the optic nerve of patients with AD (Hinton et aL, 1986; Blanks et al., 1989; Katz et al., 1989) . However, virtually all of the postulated Alzheimer-specific histopathological abnormalities in the retina and optic nerve have been found since to be indistinguishable from age-associated degenerative changes, and may not be specific to AD (Price et al., 1990; Curcio & Drucker, 1993 ). The precise role of the striate cortex in visual dysfunction associated with AD remains unclear also. A major factor dampening interest in the study of the visual cortex in AD is the concept that iit is "spared", "virtually unaffected", or "virtually uninvolved", along with other primary sensory and motor cortices (Esiri et al., 1986; Mirra et al., 1991; Tomlinson, 1992) . Other authors have recognized substantial numbers of lesions in the striate cortex, predominantly in the form of senile plaques and neuropil threads (Braak et al., 1986) , while neurofibrillary tangles appear to be very sparse (Arnold et i at., 1991; Arriagada etal., 1992; Beach & McGeer, 1988; Beach et al., 1989; Braak et al., 1989; De Carlos et al., ~l HI 1990; Kuljis, 1994a,b; Leuba & Kraftsik, 1994;  Table 3 ).
IrA Part of the controversy was due to the relative lack of IW sensitivity of traditional methods to reveal AD lesions ivc~ (Braunm~ihl, 1967) which has been overcome gradually iveB ~ with more sensitive and specific techniques, such as v immunocytochemical labeling for amyloid protein and • silver impregnation methods based on physical developw ment (Braak et al., 1989; Kuljis, 1994a,b; Kuljis & Van • Hoesen, 1991; Leuba & Kraftsik, 1994) .
Perhaps the most important and persistent conceptual barrier to the renewed interest in the striate cortex in AD is that the relative paucity of neurofibrillary tangles implies to many that the other lesions abundant in this area are functionally unimportant. This concept is based on relatively recent reports indicating that the length and severity of the cognitive impairment in AD correlates with the density of neurofibrillary tangles, but not with that of senile plaques (Katzman et al., 1988; McKee et at., 1991 ' Price et al., 1990 Arriagada et al., 1992) , and that there are nondemented elderly individuals that have numerous plaques but virtually no tangles in the cerebral cortex (Katzman et al., 1988; Crystal et at., 1988) . However, other investigators have found that the density of plaques does correlate well with the severity of ADrelated dementia (Simchowitz, 1910; Roth et al., 1966; Blessed et at., 1968; Wilcock & Esiri, 1982; Duyckaerts et al., 1986 Duyckaerts et al., , 1988 Dela~re et al., 1989) , and, most importantly, that the density of plaques in the striate cortex is among the highest in all cortical areas (Arnold et al., 1991) . Consequently, since it is virtually impossible to measure striate cortical function in perfect isolation, and because the tests of cognitive impairment usually employed in AD do not reflect visual performance adequately, the precise functional impact of the plaques and neuropil threads situated in this region--if any--remains unknown.
An additional problem to elucidate the role of the striate cortex in AD pertains to the well-documented abundance of lesions in association areas, including those most directly involved in visual processes [reviewed in Kuljis (1994a,b) ]. There is even a small group of patients with AD in which high-order visual defects are so severe that they have been postulated to exhibit a form of Balint's syndrome (Hof et al., 1989 (Hof et al., , 1990 MEndez et al., 1990a,b; Berthier et al., 1991 ; Levine et al., 1993) . Many of these patients exhibit unusually high densities of Case plaques and tangles in pre-and peristriate association 1 cortices (Hof et at., 1989 (Hof et at., , 1990 . In addition, a substantial 2 involvement of the pulvinar nucleus of the thalamus has 3 been recognized recently, indicating that this nucleus 4 5 may contribute to the abnormalities in visual attention, OCULAR DOMINANCE FIGURE I. Sketch of the simplified three-dimensional organization of the nonhuman primate striate cortex, which is similar to that of humans (Horton & Hedley-Whyte, 1984; Wong-Riley et al., t993; Kuljis, 1994a) . The cube-like structure represents a patch of cortex that contains four cytochrome oxidase-rich "puffs" (ovoid elements in layers II/IIl; a.k.a. "patches", "spots", "dots", and "'bilobs"). Two puffs are situated within each of the two eye dominance columns that run from the anterior to the posterior face of the cube. The right side contains a schematic depiction of "orientation columns" that run roughly orthogonal to the eye dominance columns. The top of the cube represents the pial surface, and the bottom represents the interface between the grey and white matter. Stippling indi.cates continuous distributions of high levels of cytochrome oxidase activity in layers and sublayers (as opposed to the discontinuous distribution of the puffs in layers II/III). Roman numerals indicate cortical layers as identified in Nissl stains. Dark dots represent neuropeptide Y-containing neurons, which are one of the intrinsic elements within the postulated modules that make the striate cortex exhibiting a distinct spatial segregation (i.e. preferentially outside the puffs in layers II/III). This segregated distribution of certain types of extrinsic inputs, intrinsic neurons and neurotransmitter systems suggests that histopathological lesions--such as senile plaques--may also be situated preferentially within components of this hypothetical modular oroanization. This is because each of these spatially segregated features of the organization of the striate cortex may be a selective target of the processes that cause AD (e.g. mutations in the genes for the amyloid precursor protein and presenilin I and 2) or of factors predisposing to this condition (e.g. aging, apolipoprotein E4 genotype). Modified from Kuljis and Rakic (1989) .
perception and oculomotor function that had been parsimoniously attributed exclusively to the lesions in the nonprimary visual cortices, including those situated in the frontal cortex (Kuljis, 1994b) . Given the controversies summarized above, and the presence of lesions at multiple--but clearly not all-- C • e 0 FIGURE 2. Photomicrographs illustrating examples of thioflavin S-stained lesions in the striate cortex. Senile plaques were arbitrarily subdivided into four major morphologically distinct types: "classical" (A), predominantly "neuritic" (B), "diffuse" (D), and amyloid "core" (E). Even after exhaustive efforts, there were a few lesions that defied such simple classification and were placed in the "other" category (e.g. C). Another type of lesion prominent in this material was amyloid angiopathy, which was present predominantly in capillaries, and some foci of which are indicated with arrows in (F). Magnification in (B-E) as in (A). Further details are provided in the text. levels within the visual system (Kuljis, 1994a,b; Leuba & Saini, 1995) , the elucidation of the mechanisms underlying visual disturbances in AD will require a combination of neuroradiological, psychological, psychophysical, and histopathological approaches, in large cohorts of
patients (Kuljis, 1994b) . The present report is part of a series of studies to begin to address this problem, by trying to determine whether specific components of the striate cortex may be selectively affected, or spared, in AD (Kuljis, 1992 (Kuljis, , 1994a . Here we focus on the FIGURE 3. Caption on jhcing page.
comparatively well-understood three-dimensional anatomical and functional organization of the striate cortex (summarized in Fig. 1 ), a concept that can be exploited to help understand which among the functionally different afferent, efferent and local neuronal connections may be affected by the presence of AD lesions. Our results indicate that the mode of involvement is individually variable among the different layers of this area:, and that some components of the postulated modules that make up the striate cortex may be selectively affected in AD while neighboring components are less affected.
METHODS
Brain tissue blocks were obtained at autopsy from five patients with a history of progressive dementia consistent with the clinical criteria for the diagnosis of probable AD (McKhann et al., 1984; Khachaturian, 1985) . The clinical diagnosis was confirmed histopathologically prior to sampling for experimental analysis, and found consistent with established criteria for the diagnosis of this condition (Khachaturian, 1985; Mirra et al., 1991) . Age, sex, and duration of illness for each case were as shown in Table 1 . Protocols for patient enrollment in this study and brain sampling were approved in advance by our Human Subjects Review Committee.
The cases examined were collected from consecutive brain donations to our research program, and not selected because of any neuropsychological abnormality that deviated from the usual presentation of AD. All that was required to enroll these patients in the study is that they had:
1. Neuropsychologically proven dementia; 2. Clinical features consistent with the criteria for the diagnosis of AD (McKhann et al., 1984) ; and 3. That this diagnosis had been verified histologically and met accepted diagnostic standards (Khachaturian, 1985; Mirra et al., 1991) .
None of the patients complained of symptoms compatible with visual dysfunction (e.g. "bumping into things", inability to read or "to see well", disturbances in color perception) and no significant visual deficits were noted in their neurological and ophthalmological or optometrical examinations.
Tissue preparation
Tissue blocks were dissected from the occipital pole (i.e. approximately at the level of the macular representation), or as closely as possible to the tip of the occipital pole. Dissection was performed so as to obtain a large patch of flat pial surface, to enable as much tangential sectioning (i.e. parallel to the pial surface) as possible. Such tangential dissection was not possible over extended patches of the visual cortex, given the well known pattern of cortical folding and curvature characteristic of this region (Kuljis, 1994a) , and that samples for this study had been fixed in 10% formalin, precluding mechanical flattening. Tissue blocks were frozen after cryoprotection in 30% sucrose, and then cut tangentially at 50/~m intervals in a sliding microtome. Gapless series of sections were stained with thioflavin S or by the modified Bielschowsky method to detect les;ions (Khacbaturian, 1985; Mirra et al., 1991; Kuljis, 1994a Kuljis, ,b, 1997 ). Silver impregnated sections were then dehydrated in ethanol, cleared in xylene and coverslipped with Permount, while thioflavin S-stained material was coverslipped with Apathy's medium [as described in Kuljis (1994a,b) ]. After lesions in these sections were plotted (see below), each section was counterstained with thionin for Nissl substance and then re-coverslipped, so that the laminar boundaries in each tissue section could be traced in Nissl preparations.
The thioflavin S method was used for the bulk of this study because of:
1. Its relative simplicity; 2. Its capacitiy for uniform labeling; 3. Quantitative yield similar to that of the Bielschowsky silver impregnation (Table 3) ; 4. It has been demonstrated that--under proper circumstances--it has one of the highest levels of sensitivity (Yamamoto & Hirano, 1986; Wisniewski et al., 1989) ; and 5. It tias one of the most optimal signal-to-noise ratios and tissue transparency properties for thick sections, which is indispensable for optical sectioning-based stereological methods (see the next section on Computer-assisted charting and counting of lesions).
Senile plaques and amyloid angiopathy were identified under conventional brightfield optics (modified FIGURE 3 (opposite). Photographs of some stages of the computer-assisted procedures for data acquisition and analysis. (A) Plot of the contour of a single semitangential section through the striate cortex, within which the area mapped for senile plaques (dots) is contained. The contours within the mapped area represent cytoarchitectonic laminar boundaries identified in Nissl counterstains. Each dot in this plot represents the center of a single senile plaque, and dots of different color represent different types of plaques, as classified in Fig. 2. (B) Three-dimensional reconstruction of the distribution of senile plaques found in one tissue block from the striate cortex, cut semitangentialy throughout the full thickness of the grey matter. Again, dots of different colors represent different morphological types of senile plaques. White areas where there is a high density of plaques correspond to color cancellation due to superimposition of the primary colors. (C) IlLustration of the procedure to projecL senile plaques situated in layers II/III onto an arbitrary mid-cortical thickness plane: the interface between layers III and IVB [layer IVA is not present in humans; Kuljis (1994a) ]. Each orange line (or "vector") is a projection of the disposition of an individual senile plaque (unattached end of the vector) to the intersection of the axis of a three-dimensional "bin" that contains each lesion with the interface between layers III/IVB. The axis for each bin was computed to intersect the above mid-cortical plane orthogonally. This procedure permits the conversion of the three-dimensional distribution of lesions in layers II/III into a two-dimensional distribution of lesions in the plane between layers III and IVB. This is ,essential for the two-dimensional plots of lesion distribution illustrated in Fig. 10 Bielschowsky), and epifluorescence (thioflavin S) with an excitation bandpass filter at 355-425 nm and a barrier filter at 460 nm [as used in Kuljis (1992 Kuljis ( , 1994b ]. Lesions thus visualized were subdivided into four basic types, based on arbitrary and purely morphological criteria, namely:
1. "Classical" (i.e. with a distinct amyloid core surrounded by dystrophic neurites); 2. "Diffuse" (i.e. an amorphous and apparently interstitial deposit of thioflavin-positive or argentophilic material, without a compacted amyloid core or associated dystrophic neurites); 3. "Amyloid" (i.e. essentially only an amyloid core, with virtually no associated dystrophic neurites); and 4. "Neuritic" (i.e. a collection of dystrophic neurites clearly forming a plaque, but without an amyloid core).
Examples of some of these lesions are illustrated in Fig. 2 . It should be emphasized that the above arbitrary classification scheme bears many similarities with those used by previous workers, yet we cannot or intend to claim any specific similarities or differences with these previous systems of classification. This is primarily because the present work was not designed to address or resolve ongoing controversies about the relations among the various types of morphologically distinct senile plaque, or their putative implications for several theories about the etiopathogenesis of AD. The arbitrary assignment into distinct mortphological catergories was necessary, however, to address the possibility that lesions of different types may exhibit selective patterns of spatial distribution.
Computer-assisted charting and counting of lesions
The various lesion subtypes were plotted using an IBM platform-based, commercially available: computer-assisted microscope charting system (Tourtellote et al., 1989) . In each tissue section, all plaques within a patch of cortex ca 7 x 11 mm were plotted [ Fig. 3(A) ]. These same sections were then counterstained with thionin, and laminar boundaries were sketched manually using an optical projector. These plots were imported into a Silicon Graphics (SGI) workstation, by digitizing the laminar contours and matching them with the plots of lesions using their common surface landmarks and pattern of perforating blood vessels with custom-written software. Thus, plots of individual tissue sections containing lesions and their cytoarchitectonic boundaries [ Fig. 3(A) ] could be aligned with additional plots from adjacent sections using common anatomical landmarks as fiduciary points, to obtain three-dimensional reconstructions of the overall distribution of the lesions [ Fig.  3(B) ] and to determine their laminar location (Figs. 4-7) .
Artifacts and errors in lesion counting were minimized by an optical dissection protocol similar to that of Williams and Rakic (1988) . The use of thick (i.e. 50 #ml sections allowed the core of most lesions, to be contained entirely within individual tissue sections. This was combined with the use of an objective o# high numerical aperture (0.70) and high overall magnification (400 x ), to obtain a shallow depth of focus (and thus, optical sectioning) enabling the observer to determine precisely the disposition of the core of each lesion in the depth of a given section. Cores of lesions were operationally defined as the amyloid core in "classical" plaques, the entire core in the case of "amyloid" plaques, and the usually central, denser clump of dystrophic neurites in "neuritic" plaques. Because of the lack of an unequivocal center and their wide variety of three-dimensional shapes, the center of "diffuse" plaques could not be determined by this method. This optical dissection criterion for the estimation of the center of "classical", "core" and "neuritic" plaques was used to determine whether the core was contained entirely within the tissue section, or in contact with the upper or lower surfaces of the section, or with arbitrary cut-off planes bounding the plotting area at its four sides. Using these criteria, lesion centers were plotted only if they were contained within the thickness of the tissue, or if they were cut at the upper surface or two of the arbitrary planes bounding the sides of the area destined for plotting. Thus, plaque cores were counted as centers of these lesions only if they were entirely embedded in the section, or exposed to three (upper, top, and left) of the six surfaces delimiting tbe arbitrary volume of tissue designated for counting. Since diffuse plaques lacked discernible cores, they were not plotted if tlhey extended to three of the six arbitrary faces delimiting the volume for counting, in an admittedly less rigorous protocol to minimize oversampling. Lesions exposed to the other three surfaces (lower, bottom, and right) delimiting this same volume were not counted, using Williams and Rakic's (1988) sections, to obtain accurate lesion density determinations according to the optical dissector method for stereological analysis (West, 1993) .
Computer-assisted data analysis
In the first level of analysis, plaque densities (by subtypes, and all subtypes combined together) were extracted using a custom-written program (SGI platform), layer by layer, for each section of brain tissue. The resulting data were combined for each layer and then plaque density was charted per layer for each case, using commercially available software (Excel: Microsoft Corp., Redmond, WA; Figs. 4-7) .
To determine whether lesions exhibited a particular predilection for certain aspects of the modular organization in the striate cortex, we chose to concentrate on the distribution of lesions in layers II/III because these layers exhibit the most distinct modular compartmentalization in both nonhuman primates and in humans [Horton (1984) ; Horton & Hedley-Whyte (1984); Wong-Riley et al. (1993) ; reviewed in Kuljis & Rakic (1989 , 1990 ) and Kuljis (1994a) ]. A series of customized computer programs were used to perform the following operations:
1. Plaques situated in layers II/III, from each patient, were extracted from the rest of the data set in each tissue section. 2. The lesions were then projected onto "bins" (i.e.
arbitrary "compartments" whose width could be varied at will) in an arbitrary mid-cortical plane, defined as the layer III-IVB interface (Van Essen & Maunsell, 1980) since layer IVA does not exist in humans according to most authors [reviewed in Kuljis (1994a) ]. This program was designed to project individual lesions onto the orthogonal representation of bin axes in the mid-cortical plane [ Fig. 3(C) ]. 3. This conversion of three-dimensional data to a twodimensional representation was essential to implement simple spatial distribution analyses of the lesions, based on "bin analysis" algorithms, to determine whether they were distributed in a random or nonrandom fashion in the tangential domain (Figs. 9-12 ). In the analysis of our data, we used an improved version of the method developed by Schwartz et al. (1988) . Radial "bins" (i.e. hypothetical cylinders of tissue with their major axis oriented perpendicular to the pial surface) were defined, with diameters varying from 10 pm (i.e. close to the limit of resolution of our charting method = 2-5/~m) to 1000 #m [i.e. the width of postulated hypercolumns in the human visual cortex; Horton & Hedley-Whyte (1984) ; WongRiley et al. (1993) ; Kuljis (1994a) ], so that both high and low frequency periodicities could be detected. Each plaque was then assigned to a bin, depending on their location, and plaque counts in each bin were tabulated. 4. Fast Fourier transforms were carried out on this data with a program written in-house, to transform the data into frequency space. This was necessary to determine whether any consistent spatial frequen-. cies could be discerned in the tangential distribution of the lesions. Figure 9 depicts a periodogram of the data from one tissue section. The lesions thus mapped onto the mid-cortical plane were then re-mapped on a flattened two-dimensional representation of this cortical plane using data entered into a spreadsheet program (Delta Graph; DeltaPoint: Monterey, CA), which were then viewed as if one were looking at the,, distribution of the lesions in layers IUIII in a perfec, tly flat patch of cortex (e.g. Figures 10-12) .
RESULTS
All patients contained numerous senile plaques throughout all layers of the striate cortex, a~'; summarized in Table 2 . This is consistent with previous reports [e.g. Arnold et al. (1991) ] that the striate cortex exhibits one of the highest densities of senile plaques in the entire cerebral cortex, defying the notion that this area is spared, "virtually unaffected" or "relatively spared" in AD (Esiri et at., 1986; Mirra et al., 1991) . It is noteworthy that the yield of plaque density counts in this study was significantly influenced by staining technique, as might have been expected on the basis of studies comparing the differential yields of histopathological methods for the diagnosis of AD (Yamamoto & Hirano, 1986; Wisniewski et al., 1989; Wilcock et al., 1990) . In fact, thioflavin S preparations (e.g. Case 1A, Table 2 ) allowed for the detection of two to seven times more plaques than Bielschowsky impregnations (e.g. Case 1B, Table 2 ), depending on the individual case and cytoarchitectonic layer considered. Despite the differences in yield between these two techniques, the pattern of laminar distribution of senile plaques was very similar (e.g. compare Case 1A with 1B in Table 2 ). These observations indicate that the foregoing findings hold even when using histopathological methods with considerably different sensitivity for the detection of these lesions. Given these findings, the bulk of the study was carried out using data obtained from thioflavin S material, since it demonstrates the largest number of lesions in our hands.
Laminar distribution of lesions
Senile plaques are distributed unevenly throughout the thickness of the striate cortex. Peaks of plaque density are frequent but not universal within layers I, II/III, the IVC-V border and layer V (Figs. 4-7) . However, it cannot be overemphasized that descriptions of the differential laminar distribution of lesions must neces,;arily be based on lamination schemes derived from Nissl stains [summarized in Kuljis (1994a) ], while sampling at finer intervals indicates sublaminar inhomogeneity in the distribution of these lesions along the depth of the cortex (Fig. 4) . The possible functional implications of this apparent sublaminar selectivity are considered in the Discussion.
Within the framework of the traditional cytoarchitectonic lamination scheme, cursory comparison of the distribution of lesions among cases indicates a considerable amount of individual variability in the laminar density of lesions among patients (Fil:',s. 5-7). It is perhaps significant that the trends in laminar density of lesions may be different among different plaque types within each individual patient. For example, even cursory examination of Figs. 5-7 reveals that the curve envelope describing the overall laminar distributiort of all types of plaques (upper plot in all cases) does not always predict the overall laminar distribution of any particular type of plaque, as arbitrarily defined for the present study (any of the four lower plots for each figure) . Consequently, even in a small sample of patients such as ours, it is evident that there is a considerable amount of individual variability in the laminar distribution of plaques. While it is known that the total numbers of lesions can differ considerably among patients, the abowz inter-laminar individual variability--and especially that in the laminar disposition among plaque types--appears not to have been recognized or emphasized previously. The radius of each of the dots representing each clump in the plot is in the range of 50-100/~m, which therefore depicts accurately the disposition of angiopathic vessels, but cannot represent the actual pattern of ramification of each vessel cluster at the scale used. The plot is thus useful only to represent accurately the laminar disposition of these lesions, but not their geometry or inhomogeneities in their distribution along the tangential domain.
Despite the considerable variability among individual patients, there seem to be some trends in the patterns of plaque distribution that were more or less con stant among our patients. "Neuritic" plaques tend to be denser in the superficial laminae (layers lI through IVC) than in deeper layers, while "classical" plaques tend to exhibit the opposite pattern. "Amyloid" and "diffuse" plaques, by contrast, do not seem to have a consistent tendency among our patients. Given the unequivocal evidence for individual variability in many parameters of the laminar distribution of senile plaques, it remains to be determined whether additional trends become detectable in substan- "dyshoric" angiopathy (Morel, 1943; Pantelakis, 1954; Neumann, 1960; Bure et al., 1994) also had a strikingly selective laminar distribution in our cases. This lesion had variable density among patients, but was almost entirely confined to microvessels in layer IVC, and, to a lesser extent, layer IVB (Fig. 8 ). This mode of involvement was almost completely restricted to capillaries [ Fig. 2(F) ], while comparatively rare vessels of larger caliber containing amyloid in their walls did not exhibit a selective laminar disposition. Virtually no angiopathy was detected in the other layers, the greywhite interface, or the white matter. This remarkable pattern of distribution seems to be peculiar to the striate contex and may have important function,'d and pathophysiological implications (see the Discussion for further details).
Tangential distribution of senile plaques
Given both the present (see above) and previous evidence that senile plaques tend to exhibit discontinuous patterns of distribution along the depth of the cortex (which can be defined as the "vertical domain"), we hypothesized that a similar inhomogeneous distribution may also exist in the "tangential domain" (i.e. parallel to the pial surface, within individual cytoarchitectonic laminae). One of the first indications of a tangentially inhomogeneous distribution of plaques came from Fourier analyses of the density of these lesions, which revealed several dominant spatial distribution frequencies that matched among series of sections aligned according to common anatomical landmarks (i.e. perforating blood vessels in tangential sections). Periodograms prepared from such analyses revealed a lowest spatial frequency of 90-110/~m (arrow in Fig. 9 ), suggesting that there might be at least one spatial frequency of distribution of plaques in row-or island-like (or other type of geometrically regular) arrays about this width. Since periodograms cannot be used to prove conclusively an inhomogeneous distribution (as hypothesized above), nor to discern specific geometric patterns, we used a complementary method. As for the calculation of the periodograms, plaque counts for arbitrary "bins" 10-1000/~m wide--along the mid-cortical plane--were entered into electronic spreadsheets and converted into two-and three-dimensional flattened representations of plaque density in layers II/III. These plots reveal that, in all cases, there is a distinctly nonuniform, yet nonrandom distribution of senile plaques, such that patches of high plaque density alternate with regions of low plaque density. The shape of the patches varies from patient to patient, in some cases adopting a disposition similar to "rows" (Fig. 10) , in others resembling irregular "islands" (Fig. 11 and Fig. 12 ), or combinations thereof. Such distinct nonrandom distributions are upheld even when changing the bin sizes by several fold, effectively changing the resolution of the method to detect these patterns (Fig. 1 1) .
DISCUSSION
Our observations concur with previous reports indicating that substantial numbers of lesions occur in the striate cortex of patients with AD (Rogers & Morrison, 1985; Lewis et al., 1987; Braak et al., 1989; Arnold et al., 1991 ; Arriagada et al., 1992) . Taken together, these findings indicate that, while the proportion of senile plaques (high) to neurofibrillary tangles (low) is reversed in the striate cortex compared to mesolimbic regions (Arnold et al., 1991) this area can no longer be considered among the "virtually unaffected", "spared", or "relatively spared" primary sensory and motor cortices (Esiri et al., 1986; Mirra et al., 1991; Tomlinson, 1992) .
Our study also indicates that the plane of sectioning is critical for accurate lesion counts, especially when dealing with potentially low densities. In fact, the density readings we have obtained are substantially higher than in most other studies (Table 3) , probably due to a This study 47.1 T (f) Kuljis (submiued) 25.4 C (f) Lewis et al. (1987) 17.9 T (f) Arnold et al. (1991) 7.9 T (c) Arriagada et al. (1992) 57.5 B (p)
T, thioflavin S; B, modified Bielschowsky; C, Campbell's et al. (1987) method; f, frozen sections; p, paraffin-embedded tissue blocks; c, carbowax-embedded tissue blocks. Note: figures from most other studies were taken from plots, since tables with actual data were not provided. In some cases, proper comparison of density data required conversion to plaques/ram 2 and normalization to hypothetical 50/tin-thick tissue sections.
combination of a higher sensitivity method (compare Bielschowsky vs thioflavin counts in Case 1, Table 3 ) with semitangential sections. We are unaware of similar counts using tangential sections in the striate cortex, yet even cursory examination of individual plots of lesions indicates that large portions of most layers are available using this approach [ Fig. 3(A) and Fig. 8 ]. The importance of this mode of sectioning cannot be overestimated, particularly in the thinnest of all cortical areas (Kuljis, 1994a) and given that many lesions are situated in very thin layers in this region, such as layer V. If these difficulties are compounded by using very thin (e.g. 6-10 ]~m-thick paraffin) sections cut perpendicularly to the pial surface, as was done in virtually all other studies, it would not be surprising to find out that this results in a significant underestimation of lesion density, which is supported by a crude review of several previous studies (Table 3 ). These problems are compounded further by the inhomogeneous distribution of the lesions within different compartments of the striate cortex, as addressed below.
There are a number of important considerations pertinent to the functional and pathophysiological implications of our results, discussed below. It should be emphasized, however, that due to the limitations inherent to work using postmortem material and to the lack of axonal transport pathway-tracing methods for use in humans (Crick & Jones, 1993) , many of these considerations must remain speculative.
Laminar distribution of lesions
Both senile plaques and amyloid angiopathy [ Fig. 2(F) and Fig. 8 ] exhibit a distinct laminar predilection, despite obvious individual differences in their precise pattern of distribution (see below). In general, the laminar distribution of plaques conforms to that reported by others, with a tendency for a higher density of lesions in layers I-III and V, and a relative paucity of lesions in layer IV and, especially, layer VI (Rogers & Morrison, 1985; Lewis et al., 1987; Beach & McGeer, 1988; Beach et al., 1989; Bell & Ball, 1990; Arnold et al., 1991; Kuljis, 1992 Kuljis, , 1994a Kuljis, , 1995 . However, individual variations can override this general tendency (Figs 5-7) .
The laminar distribution of amyloid angiopathy in capillaries (layers IVB and IVC) is an intriguing finding, which can be gleaned to some extent without the aid of plots (Morel, 1943 ; observations in the course of the present study), but that becomes much more striking and unequivocal in computer-assisted plots (Fig. 81 ) that have not been used by others for this specific purpose. It may be particularly important that this phenomenon appears to affect selectively a very circumscribed part of the trajectory of vessels pervasive to the entire thickness to the striate cortex. Because the angiopathic process is not uniformly distributed throughout the length of the vessels, this may indicate that this lesion is triggered or promoted by a particular set of connections, level of functional activity or neurotransmitter system, or combination thereof, capable of afflicting very locally blood vessel walls. It is also possible that this peculiar disposition of lesions is related to the fact that layer IV exhibits the greatest capillary density in the striate cortex (Bell & Ball, 1985) . Regardless of the pathophysiologic basis of this phenomenon, it would seem that amyloid angiopathy is not the precursor of other lesions, such as senile plaques and neuropil threads, because virtually all the other lesions are often more abundant in layers that exhibit almost no angiopathy compared with layers IVB and IVC.
It should be emphasized that these conclu,;ions cannot be readily extrapolated to other cortices, since amyloid angiopathy has been shown to affect preferentially layers III and V in frontal and temporal regions (Bu6e et al., 1994) .
Individual variability in the laminar distribution of senile plaques
One potential disadvantage of tangent!ial sections would be the difficulty to recognize ill-defined laminar boundaries. However, our experience is that this is not difficult in such preparations from either nonhuman primates or humans (Kuljis & Rakic, 1989; Kuljis, 1994a, submitted) . This is due primarily to the :~harply and highly differentiated lamination of the primate striate cortex, but could well present a problem in less well laminated regions. Consequently, we feel that the former factor influenced little if at all our finding that there is a considerable individual variability in the laminar distribution of lesions among different patients, and among different types of lesions in the same patient. Such variability emphasizes that the disease process cannot be conceived as a highly stereotypic one, and that it must not affect all patients in the same manner. This calls for caution in attempts to explain the visual deficits observed in AD under blanket hypotheses postulating a single and invariant pattern of circuit involvement. Consequently, more emphasis is necessary in correlating the specific patterns of clinical, radiological, psychophysical, and histopathological involvement in individual patients, rather than using the more widespread approach of averaging out potentially meaningful differences in the clinical manifestations among large numbers of patients.
Tangentially inhomogeneous distribution of lesions
Perhaps the most important finding in our study is that of nonunitbrm distribution of lesions in the tangential domain. This could not have been expected on the basis of previous reports, virtually all of which were performed with sections perpendicular to the pial surface, without the benefit of computer-assisted charting and spatial distribution analyses. Nevertheless, on the basis of the postulated modular organization of the striate cortex, and with the benefit of a recent observation of a discontinuous distribution of A68-1ike immunoreactivity i~L layers II/III (Kuljis & Tikoo, 1994 ), we felt it was possible that such inhomogeneous distribution of senile plaques might occur, as supported by the present study.
All patients exhibit a distinct pattern of discontinuous distribution of the various types of senile plaques, along the tangential domain of layers II/III. This pattern of "islands" and "rows" of alternating high and low lesion density appears distinctly nonrandom, indicating that iterated circuits distributed along this domain may be selectively affected in AD. Intervening circuits that are presumably anatomically and functionally different would be, by contrast, unaffected. The periodicity of the above lesion clusters is about 90-110 ibm, i.e. about one-tenth the diameter of the postulated neuronal assemblies variably referred to as "hypercolumn", "unit", "module", or "building block" of which the human striate cortex may be made [Horton & HedleyWhyte (1984) ; Wong-Riley et al. (1993) ; reviewed in Kuljis (1994a) ]. Thus, if the theoretical formulation about hypercolumns is correct, our findings may indicate that a repetitive circuit element--or series of elements contained within each module--may be selectively targeted by the AD process. This hypothesis is based on theoretical notions about cortical organization (Mountcastle, 1957 (Mountcastle, , 1978 Szenth~igothai, 1975; Creutzfeldt, 1977; Hubel & Wiesel, 1977; Livingstone & Hubel, 1984; Kuljis & Rakic, 1989 , 1990 ) that are not fully agreed upon by everyone (Swindale, 1990; Purves et al., 1992) . Consequently, further work will be necessary to test it experimentally both in humans and in nonhuman primates, and in order to verify their putative involvement in diseases.
It seems unlikely that the hypothetical iterated element affected by AD in the striate cortex are eye dominance columns or the postulated "orientation columns" (Hubel & Wiesel, 1977) , since the former are about 0.45-0.55 #m wide, and the latter would be about 40 #m wide (Kuljis, 1994a) and are probably below the level of resolution of our spatial analysis method (conservatively estimated at 100 #m). It is unlikely also that the affected element co-localizes exactly with cytochrome oxidase puffs (Wong-Riley, 1979) in layers III-IVB (which is different from their laminar location in monkeys, illustrated in Fig. 1 ), since these are about 250--450 ~m wide in humans. Given their comparatively smaller width, the affected elements probably overlap partially with the puffs, but cannot systematically avoid them as neuropeptide Y-containing neurons do in the macaque (Kuljis & Rakic, 1989, Fig. 1 ), or be contained entirely within them. Some persistent technical problems will also need to be addressed to determine the precise correlation with the tangentially segregated lesions in layers II/III and the puffs. These include the fact that puffs become fainter with age and can be affected also by conditions that tend to co-exist in the same elderly population that is at risk for AD (unpublished observations). These conditions include stroke, cataracts, diabetic retinopathy, and various forms of optic neuropathy. In any case, the precise cortical organizing principle that may be responsible for this pattern of modular involvement remains to be elucidated.
It is similarly unlikely that the distribution of plaque density peaks in layers II/III reflects the distribution of any known neurotransmitter system, whether it originates from neurons intrinsic or extrinsic to the cortex. We are unaware of any transmitter/modulator systems that exhibit a periodic distribution matching the spatial frequency of the patches of lesions. Cortsequently, it is likely that the affected module components are innervated by several different neurotransmitter systems. Unfortunately, this problem will likely remain unresolved until a satisfactory nonhuman priimate model of AD is developed, in order to apply the combination of histo-and immunocytochemical methods unavailable for human tissue (Crick & Jones, 1993) that are necessary to address it.
Reconstructions of the tangential distribution of lesions over large expanses of striate o3rtex may help considerably to infer their anatomical and functional substrate. Unfortunately, this is beyond the capabilities of the spatial analysis methods we used, which we feel may be accurate only in patches containing about 100 mm 2 of cortex. We are currently addressing this problem with new methods that include mechanically flattening the cortex prior to sectioning. New mathematical algorithms and tissue processing methods are also necessary to determine whether the distribution of neuropil threads and amyloid angiopathy may exhibit a tangentially discontinuous distribution, primarily because there are no simple solutions to the problem of rigorously ascertaining "units" to plot these lesions as geometrically nonuniform and discontinuous elements. For example, in the case of senile plaques, most of these lesions will contain a clearly identifiable "center" in the thick sections we employed (but not necessarily so in thinner sections used in other studies). It is very difficult to identify such "centers" in variably shaped, curvilinear lesions (such as neuropil threads and congophilic vessels;), that are often not contained entirely within a single tissue section and the "centers" of which cannot be defined. For these reasons, it is not clear at present whether lesions other than senile plaques in the striate cortex are discontinuous in the tangential domain.
It remains to be determined also whether nonneuronal elements, such as macro-and microglial cells (both quiescent and activated) also exhibit a nonuniform distribution in the tangential domain of the cerebral cortex. If so, their inhomogeneous distribution may reflect patterns of neuronal vulnerability, or, alternatively, that a primary nonneuronal insult or defect secondarily affects or influences the module-like pattern of neuronal involvement as reported here. Such hypotheses can now be addressed experimentally using methods similar to those we employed for the present study. It remains to be determined whether this phenomenon is a reflection of a similar module-associated susceptibility in other regions of the cortex, suggested also by our findings of a modularly organized involvement in the entorhinal and perirhinal cortices in AD (Solodkin et al., 1991a (Solodkin et al., , 1991b .
